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Abstract--After introducing the notion of order-disorder (OD) structures, three basic ideas of the theory 
of OD structures are presented: (1) explanation of the phenomena of polytypism and stacking disorder 
on the basis of partial symmetries, (2) construction of a symmetry theory for families of crystal structures 
consisting of layers and (3) definition of a small number of outstanding structures among the infinite 
number of stacking sequences in a family of OD structures. The relations between OD structures and 
polytypes and the contents of a database for OD structures are described. 
1. THE NOTION OF  OD STRUCTURES 
The notion order--disorder (OD) structures [1-5] had been introduced by Kate Dornberger-Schiff 
in 1956 as a generalization of her experience in the structure determination of fl-Wollastonite and 
Madrell's salt [6]. In fl-Wollastonite (Fig. 1) double layers of parallel chains of SiO4 tetrahedra may 
be stacked in different ways. The double layers may be shifted either to the right or to the left. 
The term OD refers to the mode of stacking. Ordered, i.e. periodic, as well as disordered, i.e. 
non-periodic, arrangements are possible. 
In the theory of OD structures (OD theory) great efforts have been made to define precisely, 
which structures are under consideration in order to have a firm base to draw conclusions. 
Depending on the degree of generalization there are several versions of a definition. The following 
is not the most general one, but it is easy to understand. 
A set of crystal structures belongs to a family of OD structures, if three conditions are fulfilled. 
(~t) All structures consist of the same kind(s) of layers, periodic in two different 
directions. 
(fl) Any translation of a particular layer is a translation of the whole structure. 
(7) Let L' and L" be two next-layer-positions of a layer L. 
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Then, the pairs of layers (L, L') and (L, L") are geometrically equivalent, i.e. 
may be transformed one into another by a motion of space. 
The first condition may be generalized, referring not only to layers, but also to one-dimensionally 
periodic rods or even to finite blocks as building units. The majority of OD structures known 
consist of layers and thus OD theory is well-developed only for layers, so far. The second condition 
may be weakened, permitting additional translations for individual ayers. The last condition is a 
geometrical one in its wording, but it orginates from energetical reasons. If the pairs of layers are 
geometrically equivalent, hey are also energetically equivalent. Energetical differences for different 
stackings are caused by next but one neighbors and are therefore small. 
2. BASIC IDEAS OF OD THEORY 
In OD theory so-called partial coincidence operations (or partial symmetries) play a central role. 
These partial symmetries are motions that transform not the whole crystal structure into itself as 
ordinary symmetries do. They bring only part of the structure (e.g. a layer) into coincidence with 
itself or with another part of the structure. It is interesting that such partial symmetries have proved 
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Fig. 1. Layer structure of/~-Wollastonite, CaSiO3 (without Ca atoms). 
to be useful not only for the investigation of layered structures. For instance, a molecule can have 
additional symmetries, which are not valid for the whole structure. And it is also possible that two 
or even more identical or almost identical molecules are in the asymmetric unit of the crystal 
structure. In protein crystallography such additional symmetries have been named non- 
crystallographic symmetries [7], and Zorkij from Moscow has coined the notion supersymmetry in 
his theory of molecular structures with several crystallographic ndependent, but identical 
molecules in the asymmetric unit [8]. The notions partial symmetries, non-crystallographic 
symmetries and supersymmetries are different names for the same kind of generalization of the 
classical symmetries of crystal structures. 
In this section, three important ideas of OD theory are presented and, especially, it is shown, 
how partial symmetries may be used with OD structures. 
2.1. Explanation of polytypism and stacking disorder 
One of the basic ideas of OD theory follows immediately from condition (~) of the definition 
of OD structures: the phenomenon of polytypism and stacking disorder can be explained by the 
presence of partial symmetries. 
Condition (~) demands that the layer pairs (L, L') and (L, L") are geometrically equivalent. For 
the transformation f the first pair into the second one, there are only two possibilities: either L 
is transformed into itself and L' into L", or L is transformed into L" and L' into L. 
L - L L L 
L' '= L ~t L ~ ~ L H 
This means: if one position L' of the next layer of L is given, the other possible positions may 
be derived by symmetries of L or by coincidence transformations of L' into L. 
This idea may be illustrated by the classical example of close packings of equal spheres 
(Fig. 2). There are two possible positions for any next layer, corresponding to the two sets of voids. 
Any single layer has a mirror plane that is not valid for the adjacent layers. But such a mirror plane 
transforms the two possible positions of the next layer into each other. If one of them is given, 
the alternative one results from this partial mirror plane. For close-packed layer structures, uch 
considerations seem to be artificial. They are, however, a useful tool in more complex situations. 
To show this, an inorganic and an organic compound are discussed, both examples o far 
unpublished. 
Spinelloids. The spinel (Fig. 3) has a cubic structure [9]. Polytypes have been observed for certain 
conditions of high temperature and high pressure [4]. For understanding of the stacking possibilities 
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Fig. 2. Possible positions of neighboring layers for close-packings of equal spheres. The thick circles 
represent the atoms of a layer L~. The atoms of the layer L2 are either in the positions of the broken or 
of the dotted circles. 
o f  such spinelloids, let us consider planes of  atoms perpendicular  to a diagonal  x-y. Two kinds 
o f  planes alternate: those containing only octahedral ly coordinated cations and those containing 
tetrahedral ly coordinated cations as well as octahedral ly coordinated ones. F rom Fig. 4, it is 
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Fig. 3. Spinel structure 
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Fig. 4. Spinelloids: the two kinds of atomic layers perpendicular to (x-y). (a) Layers L~ containing only 
octahedrally coordinated cations B; (b) and (c) the two possibilities for the layers L~+ I containing cations 
A as well as B. The position of the mirror plane of L~ is indicated by an arrow. 
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Fig. 5. Stacking possibilities of layers in the organic ompound 1,8-diazocyclotetradccane-2,9-dione 
(Nylon 6), CI2H~N202. (a) Ball-and-spoke r presentation of one molecule, without hydrogen atoms. 
(b) Arrangement of molecules in two adjacent layers, Li (full lines) and L: (broken lines), projection 
along z. (c) Schematic representation of Fig. 5(b). Any molecule is replaced by a pair of triangles with 
a black and a white face. (d) The four alternative orientations of the molecule in the centre of the unit 
mesh of Lz as derived from the partial symmetries indicated in Fig. 5(c). 
obvious that the plane which contains only octahedrally coordinated cations [Fig. (4a)] has a higher 
symmetry. By a reflection, this atomic plane is transformed into itself, but the cations of the 
adjacent plane [Fig. 4(b)] into alternative positions [Fig. 4(c)]. The stacking variants of spinelloids 
differ with respect to the positions of the atomic planes containing tetrahedraUy coordinated 
cations. For the spinel itself, the two possible positions alternate. 
1,8-Diazocyclotetradecane-2,9-dione. Northolt and Alexander [11] reported on the crystal struc- 
ture of this cyclic dimer of caprolactam (Fig. 5). The structure consists of layers of hydrogen- 
bonded molecules. The asymmetric unit of the layer is half a molecule. Thus, the picture of two 
consecutive layers L~, L~ [Fig. 5(b)] may be simplified replacing any molecule by a pair of triangles 
[Fig. 5(c)]. For a given layer L,, there are four possible positions of the next layer L~. One of them 
is characterized in Figs 5(b) and (c). The three alternative positions result from a glide plane of 
the layer LI and from two motions transforming /-,2 into L~, a two-fold screw rotation and a 
four-fold rotoinversion. The four possible orientations of one of the molecules of L2 are presented 
in Fig. 5(d). 
22  Symmetry theory 
OD theory contains a symmetry theory for structures consisting of layers. This symmetry theory 
is built up similarly as the symmetry theory of normal crystal structures. Therefore, some facts on 
the symmetry of normal crystal structures are recalled. 
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--The set of all coincidence operations of a crystal structure forms a group, and 
group theory is the mathematical background for the symmetry theory of crystals. 
- -For symmetry groups several classifications have been introduced in order to sort 
all crystals into finite numbers of classes. There are 7 crystal systems, 14 Bravais 
lattices, 32 crystal classes and 230 space groups. 
- -A characterization f the symmetry of a crystal structure is possibly by its space 
group symbol and the lattice parameters describing size and shape of a unit cell. 
In the following, corresponding statements for structures consisting of layers are discussed. 
Mathematicalfundament. In OD theory, partial symmetries form the basis of a symmetry theory 
for structures consisting of layers. The set of all partial symmetries transforming the layers of a 
structure into each other does not form a group but a groupoid, a notion introduced into 
mathematics by Brandt [12] and later modified (compare Refs [13-15]). 
A groupoid consists of: 
(i) a set of objects (in our case the layers); 
(ii) sets of morphisms or mappings leading from one object to another one (the 
morphisms are the partial coincidence operations); 
(iii) a partial composition of morphisms. Two mappings may be linked, if the target 
object of the first mapping is the starting object of the second mapping. 
Without going into detail, we just mention that for groupoids there are similar axioms as for 
groups: existence of identical and inverse morphisms, associative law for the composition of 
morphisms. 
Classifications. There are quite a number of possibilities to sort OD structures into classes 
according to their symmetry. Every OD structure is associated with one of the 80 layer groups and 
one of the 5 two-dimensional Bravais lattices (oblique, primitive-rectangular, centred-rectangular, 
square, hexagonal). The Bravais lattice of an OD structure is determined not only by the layer 
group, but also by the restrictions following from partial symmetries transforming different layers 
one into another. A very rough classification is that of categories. It is a classification according 
to the presence or absence of coincidence operations turning a layer upside down. For OD 
structures consisting of one kind of layers, there are 3 categories (Fig. 6). In category I, the layers 
are non-polar with respect to the direction perpendicular to the layers. In category II, the layers 
are polar, and all layers have the same side upside. In category III, the layers are also polar, but 
the two sides of the layer show alternatingly upwards. For the 3 categories xamples may be quoted. 
Close packings of equal spheres belong to category I, ZnS and SiC are examples of category II. 
Category III is rather seldom. Up to now, only 3 compounds with this category have been reported. 
2,2-Aziridinedicarboxamide [16] is one of them. For OD structures with 2 or more kinds of layers, 
there are 4 categories. The classifications may be refined up to a division into OD groupoid families. 
This notion--explained below--is especially important as it corresponds to the notion of a space 
group in the classical case of normal crystal structures. The complete list for one kind of layers 
contains 400 OD groupoid families [17, 18]. Some 30 of them have been observed so far. 
Characterization fsymmetry. In order to characterize the symmetry of an OD structure, the 
information inherent in the groupoid of partial symmetries has to be described by a finite number 
of data. For this purpose, the information is split into two parts. One part describes the stacking 
of the layers, the other one the features common to all structures of the compound, periodic 
stackings as well as non-periodic ones. 
The idea of stacking is to describe, which of the possible positions of layers are actually occupied. 
Various systems for the characterization f the stacking sequences have been developed (compare 
Refs [19-23]). 
If the stacking is separated, the remaining part consists of the symmetry of one layer and of the 
symmetry operations transforming adjacent layers one into another. The symmetry of a layer is 
described by the symbol for the layer group and by the net constants. Any partial symmetry consists 
of a homogeneous part (or rotational part) and of parameters describing the translational part. 
The notion OD groupoid family covers the layer group and the homogeneous parts of the partial 
symmetry operations transforming adjacent layers one into another. OD groupoid family and the 
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Fig. 6. The three categories of OD structures consisting 
of one kind of layers. The polarity of the layers is 
indicated by arrows (above) or by triangles (below). 
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Fig. 7. Schematic example of a pair of layers (L0, Li ) of 
an OD structure. 
parameters are the characteristic symmetry features of the whole set of OD structures of a family. 
To illustrate this, let us consider a schematic example. The symmetry features of the family of OD 
structures with the layer pair of Fig. 7 are described by the symbol 
Pmm(n)ll, x = +0.125, y = +0.25. 
Prom (n) is the symbol of the layer group. The layers are translationally equivalent. This is indicated 
by the number 1, and the four possible positions of any next layer are characterized by their 
translational components from a layer to the next one. 
2.3. Structures of maximum degree of order 
For any substance with OD character, the number of theoretically possible stackings is infinite. 
It is useful to single out a small number of potentially important structures. OD theory contains 
for this purpose the concept of structures with a maximum degree of order or abbreviated MDO 
structures [2, 24]. 
The considerations behind the MDO concept are simple. The binding forces between the layers 
decrease rapidly with increasing distance. Since per definition, for different stackings, the pairs of 
layers remain equivalent, differences may occur for the layer triples. If one kind of tripple is more 
favorable--under certain crystallization conditions--this triple will occur again in the stacking. 
MDO structures are defined as stacking, for which the number of different kinds of triples of layers 
is as small as possible. 
In the schematic example of Fig. 8, all layers are translationally equivalent, and any next layer 
may have one of two possible positions, which may be understood as a translation to the left or 
to the right. Then, there are two kinds of layer triples: stretched and bent triples. Accordingly, two 
MDO structures exist. There are many polytypic substances with layer stacking possibilities as 
described in Fig. 8. Examples are SiC, TeC14 and WO:CI2. In case of SiC, two MDO structures 
are the polytypes 3C and 2H. 
3. OD STRUCTURES AND POLYTYPES 
Writing on OD structures, it is necessary to explain, how OD structures and polytypes are related 
to each other. In 1977 and in 1984 committees of the International Union of Crystallography ave 
given a definition of the notion of polytypism [22]: 
"An element or compound is polytypic if it occurs in several different structural 
modifications, each of which may be regarded as built up by stacking layers of 
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(nearly) identical structure and composition, and if the modifications differ only in 
their stacking sequence. Polytypism is a special case of polymorphism: the two- 
dimensional translations within the layers are (essentially) preserved whereas the 
lattice spacings normal to the layers vary between polytypes and are indicative of the 
stacking period. No such restrictions apply to polymorphism." 
According to this definition, OD structures consisting of layers are polytypes. Thus, one may ask 
two questions: are polytypes always OD structures? Can OD theory be applied to any set of 
polytypes? The answer on both questions is "yes"; some restrictions may, however, be necessary. 
The following scheme describes the possibilities for the application of OD theory to a given set 
of polytypes. 
Set of polytypes 
1 
OD structures ? . 
I 
~ ALternative division 
into Layers 
Yes No 
/ ",,, 
Application of OD theory "Restricted" application 
of OD theory --... 
Results 
A set of polytypes is a set of structures, described as different stackings of the same layers. In 
most cases, the definition of OD structures (compare Section 1) is fulfilled for the set of polytypes 
with its given layers. If not, an alternative division of the structures into layers may be chosen such 
that the OD conditions are fulfilled [25]. If the given layers are the most convenient ones for some 
reason, major parts of OD theory remain valid. For instance, the symmetry theory and the MDO 
concept discussed in Section 2 of this paper may be applied with any choice of layers. For the 
derivation of the stacking possibilities by partial symmetries, OD layers have to be used. 
To give an example for different choices of layers: in cadmium iodide and in molybdenum sulfide, 
the OD layers correspond to atomic planes, but the sandwich layers consisting of three atomic 
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Fig. 8. Schematic example of MDO structures for poly- 
typic substances with translationally equivalent layers 
and two possible positions for any next layer. 
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Fig. 9. Schematic representation of the sequence of 
atomic layers in CdI 2. Chemical building units are 
molecular sheets ("minimal sandwiches") I~2d- I .  
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planes each arc the chemical building units (Fig. 9). Symmetry theory and MDO concept are 
applicable to the sandwich layers, too. 
4. DATABASE OF OD STRUCTURES 
Originally, polytypism and stacking disorder were believed to be phenomena exhibited only by 
a few exotic materials. During the last 10-20 y it became obvious that these phenomena re far 
more general. OD structures may be found for elements and organics as well as for inorganic 
compounds. This is why our group has started to set up a database of OD structures [26]. OD 
theory is the fundament for a unified description of the structural features of polytypic substances. 
For any substance, information on the following four topics is stored 
Literature. Bibliographic data, abstracts. 
Characteristic features o f  the whole set o f  polytypes. Structure of a layer, stacking 
possibilities, partial and total symmetries, chemical bonding. 
Individual polytypes. MDO structures, observed polytypes. 
Additional information. Alternative choice of layers, polytype notations, isotopic 
compounds, physical properties (if related to polytypism), instructive drawings. 
Computer programs have been developed to process the stored information, e.g. in order to 
generate the atoms in the unit cell for any periodic stacking sequence and a program to make 
drawings [27]. 
5. CONCLUDING REMARKS 
Some 30 years ago, when OD theory was created, the main objective was to develop an aid for 
the structure determination fcrystalline substances exhibiting stacking disorder. The characteristic 
features of diffraction patterns of such substances and the conclusions that may be derived from 
them were investigated (compare, for example, Refs [2, 28, 29]). The application of OD theory 
to many polytypic substances has proved that OD theory because of its abstracting power can 
lead to a deeper insight into the phenomenon of polytypism and has an inspirational value for 
the solution of many problems. OD theory provides an adequate symmetry theory for 
polytypic substances, and the study of these substances may be facilitated in a similar way as 
classical geometrical crystallography forms a reliable basis for the solution of many problems in 
crystallography. 
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